Abstract Integrative plasmids are one of the best options to introduce genes in low copy and in a stable form into bacteria. The ΦC31-derived plasmids constitute the most common integrative vectors used in Streptomyces. They integrate at different positions (attB and pseudo-attB sites) generating different mutations. The less common ΦBT1-derived vectors integrate at the unique attB site localized in the SCO4848 gene (S. coelicolor genome) or their orthologues in other streptomycetes. This work demonstrates that disruption of SCO4848 generates a delay in spore germination. SCO4848 is cotranscribed with SCO4849, and the spore germination phenotype is complemented by SCO4849. Plasmids pNG1-4 were created by modifying the ΦBT1 integrative vector pMS82 by introducing a copy of SCO4849 under the control of the promoter region of SCO4848. pNG2 and pNG4 also included a copy of the P ermE * in order to facilitate gene overexpression. pNG3 and pNG4 harboured a copy of the bla gene (ampicillin resistance) to facilitate selection in E. coli. pNG1-4 are the only integrative vectors designed to produce a neutral phenotype when they are integrated into the Streptomyces genome. The experimental approach developed in this work can be applied to create phenotypically neutral integrative plasmids in other bacteria.
Introduction
Streptomycetes are important industrial bacteria, which produce two thirds of all clinically relevant secondary metabolites (Hopwood 2007; Davies 2014) . They have complex life cycles that include sporulation and developmentally associated programmed cell death, and they are considered multicellular prokaryotic models (reviewed in Yagüe et al. 2013) .
Streptomyces genetic methodologies have been extensively optimized during the last decades (Kieser et al. 2000) . Vectors including the ΦC31 attP site were the first and the most commonly used integrative plasmids designed to work in Streptomyces (Bierman et al. 1992) . The major limitation of these types of vectors is that they integrate at different positions in the Streptomyces genome, resulting in different mutations and phenotypes (Combes et al. 2002) . This issue is especially relevant when ΦC31 plasmids are used to introduce genes in Streptomyces mutants in order to complement their mutations: phenotypes can be a consequence of the integration of the plasmid instead to the function of the gene that is being harboured by the plasmid.
The alternatives to the ΦC31 integrative site in Streptomyces are the ΦBT1 (Gregory et al. 2003) , TG1 (Morita et al. 2009 ) and SV1 (Fayed et al. 2014 ) integrative sites. The ΦBT1 derived vectors integrate into the attP site localized into the SCO4848 gene (S. coelicolor genome) (Gregory et al. 2003) , while the TG1 plasmids integrate at SCO3658 (Fayed et al. 2014) and SV1 plasmids at SCO4383 (Fayed et al. 2014) . To Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-7271-0) contains supplementary material, which is available to authorized users. our knowledge, there are no reports describing the phenotype generated by the integration of TG1-and SV1-derived plasmids. However, in the case of ΦBT1 plasmids, it was reported that integration into SCO4848 leads to the expression of a modified but functional version of SCO4848, generating a neutral phenotype once they are integrated (Gregory et al. 2003) .
In this work, a detailed phenotypic analysis of S. coelicolor harbouring the ΦBT1 integrative vector pMS82 (Gregory et al. 2003) resulted in the identification of a novel phenotype consisting of a delay in spore germination. It was demonstrated that the disruption of SCO4848 affected the expression of SCO4849, and the detected phenotype is complemented by SCO4849. SCO4848 and SCO4849 encode for putative transmembrane proteins with unknown functions which are highly conserved in streptomycetes.
Four plasmids were created modifying the ΦBT1 integrative vector pMS82 (Gregory et al. 2003) in order to restore SCO4849 expression: pNG1, in which the SCO4849 gene was introduced under the control of the promoter region of SCO4848 into pMS82 to complement the phenotype generated by the integration of the plasmid; pNG2, in which the P ermE * promoter was introduced into pNG1 to facilitate heterologous gene expression; pNG3, in which the bla gene for ampicillin resistance was included in pNG1 to facilitate selection in E. coli; and pNG4, in which the bla gene was introduced into pNG2. As discussed below, these plasmids are the only integrative vectors designed to produce a neutral phenotype when they are integrated in Streptomyces.
Materials and methods

Bacterial strains and media
Streptomyces coelicolor M145, S. griseus IFO 13350, S. clavuligerus ATCC 27064 and S. lividans 1326 were the reference strains used in this work (Table 1) . Petri dishes (8.5 cm) with 25 ml of solid medium were covered with cellophane discs (cellulose acetate films were from Sadipal), inoculated with 100 μl of a spore suspension (1 × 10 8 viable spores/ml), and incubated at 30°C. Glucose, yeast/malt (GYM) extract (Novella et al. 1992 ) was the medium used for S. coelicolor, S. griseus and S. lividans cultures. Streptomyces clavuligerus germinates very slowly in GYM, and for this reason, Trypticase soy agar (TSA) (Kieser et al. 2000) was used for spore germination of this strain. Unless otherwise stated, soya flour mannitol (SFM) (Kieser et al. 2000) was the medium used to obtain spores of S. coelicolor, S. lividans and S. griseus. Streptomyces clavuligerus do not sporulate well in SFM, and therefore, MA (Sánchez and Braña 1996) was used for sporulation of this strain.
Liquid cultures were performed in R5A sucrose-free liquid medium (Fernandez et al. 1998) . Laboratory flasks of 500 ml were filled with 100 ml of culture medium, inoculated with 1 × 10 7 spores/ml and incubated at 200 rpm and 30°C. The influence of the medium used to raise the spores was tested in S. coelicolor, comparing germination of spores obtained in SFM or GYM. The effect of the medium used for germination was analysed testing germination of all the strains in two additional media: MM with glucose and R2YE (Kieser et al. 2000) .
E. coli strains were grown at 37°C in solid (2 % agar) or liquid 2xYT medium (Sambrook and Russell 2001) supplemented with the appropriate antibiotics (Table 1 ): ampicillin was used at 100 μg/ml, kanamycin at 50 μg/ml and hygromycin at 100 μg/ml. The antibiotic used for selection in Streptomyces was hygromycin at the final concentration of 200 μg/ml.
Viability staining
Culture samples were obtained and processed for microscopy at different incubation time points, as previously described (Manteca et al. 2006) . Cells were stained with propidium iodide and SYTO 9 (LIVE/DEAD BacLight Bacterial Viability Kit, Invitrogen, L-13152). The samples were observed under a Leica TCS-SP2-AOBS confocal laser scanning microscope at wavelengths of 488 and 568 nm excitation and 530 nm (green) or 640 nm (red) emissions (Manteca et al. 2006 ).
Spore germination
Germination was quantified as previously reported (de Jong et al. 2009 ). Briefly, germination was quantified in solid media with cellophane discs. At different developmental time points, pieces of cellophane discs were cut and processed for confocal microscopy as described in the previous paragraph. Three biological replicates of the cultures were analysed at different developmental time points. The percentage of germination was assessed from at least 100 spores at each time point. Spores were considered to be germinating when the germ tubes were visible under the confocal microscope.
Antibiotic quantification
Undecylprodigiosin and actinorhodin were quantified spectrophotometrically according to Tsao et al. (1985) and Bystrykh et al. (1996) . In order to measure the total amount of actinorhodin (intracellular and extracellular), cells were ruptured in their culture medium by adding KOH 0.1 N. Cellular debris was discarded by centrifugation, and actinorhodin was quantified spectrophotometrically with a UV/visible spectrophotometer (Shimadzu, Model UV-1240), applying the linear Beer-Lambert relationship to estimate concentration (e640 = 25,320). Undecylprodigiosin was measured after vacuum drying the culture (including the mycelium and culture medium) followed by extraction with methanol, acidification with HCl (to 0.5 M) and spectrophotometric assay at 530 nm, again using the Beer-Lambert relationship to estimate concentration (e530 = 100,500). In all cases, for the high concentration solutions, dilutions were performed to conduct the analysis in the linear Beer-Lambert region.
Protein quantification Samples (half millilitre) were collected at different developmental time points, and stored at −20°C until they were analysed. Half millilitre of NaOH 1 M was added to the half millilitre samples (0.5 M final concentration of NaOH) and boiled for 10 min. Cellular debris was removed by centrifugation (at 7740×g for 15 min at 4°C), in order to obtain the intracellular samples. Protein was quantified using the Bradford method (Bradford 1976 ) with bovine serum albumin (Sigma) as the standard.
Confirmation of the ΦBT1 integration site
Two primers were designed that hybridize to the SCO4848 5′ end (SCO4848F, hybridizing 33 bp upstream of the SCO4848 ORF) and the DNA region flanking attP in pMS82 (pMS82R, hybridizing at 368 bp downstream of the pMS82 attP). These primers amplify a fragment of 617 bp only if pMS82 or their derived plasmids (pNG1-4) are integrated at the attB site of SCO4848.
RT-PCR
Total RNA samples were extracted from 24-and 72-h cultures of S. coelicolor growing in GYM solid media with cellophane. RNA samples were obtained using phenol extraction and the RNeasy Midi Kit (Qiagen) and chromosomal DNA was removed after DNase I (Qiagen) and Turbo DNase (Ambion) treatments. RNA integrity was verified by means of the 2100 Bioanalyzer (Agilent). Reverse transcription (RT)-PCR analysis was performed using the SuperScript one-step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen), using 200 ng of total RNA as template. Positive controls were performed using chromosomal DNA as template. RNA obtained at 72 h and primers RT4848F/RT4849R (hybridizing at position −15 of SCO4848 ORF and 285 of SCO4849 ORF, respectively) were used for the analysis of SCO4848 and SCO4849 co-transcription (623-bp amplicon). Reverse transcription was performed at 55°C for 30 min followed by an initial denaturation at 94°C for 2 min. Then, a touchdown was performed in 10 cycles during which the annealing temperature was reduced by 1°C in each cycle: 94°C for 15 s, 65°C (Δ−1°C) for 30s and 68°C for 35 s. For the next 35 cycles (94°C for 15 s, 55°C for 30s and 68°C for 35 s), the annealing temperature was set at 55°C with a final extension step at 68°C for 5 min.
RNA obtained at 24 h and primers RT0995F/RT0995R were used for the analysis of SCO0995 gene expression (420-bp amplicon). First-strand complementary DNA (cDNA) synthesis was performed at 50°C for 30 min followed by an initial denaturation at 94°C for 2 min. Then, a touchdown was performed in 6 cycles with a 1°C reduction in the annealing temperature in each cycle: 94°C for 15 s, 66°C (Δ−1°C) for 30s and 68°C for 45 s. An annealing temperature of 60°C was used in the next 35 cycles (94°C for 15 s, 55°C for 30s and 68°C for 45 s) with a final extension step at 68°C for 5 min.
RNA obtained at 24 h and primers RT4849F/RT4849R (hybridizing at position 1 and 285 of SCO4849) were used for the analysis of SCO4849 transcription (297-bp amplicon). RT-PCR conditions were as follows: first-strand cDNA synthesis was performed at 60°C for 30 min and denaturation at 94°C for 2 min. PCR amplification in 40 cycles of 94°C for 15 s, 65°C for 30s and 68°C for 15 s and final extension at 68°C for 5 min. This RT-PCR generated unspecific amplicons, but the identity of the 297-bp amplicon was confirmed by Sanger DNA sequencing.
Gene synthesis
The synthesis of SCO4848 including silent mutations in the attB site (Fig. 1d ) (accession number KR150757) and P ermE *+ RBS+MCS+fd-ter (accession number KR131846) were ordered from GeneCust Europe.
pNG1 construction
The fragment P SCO4848 +SCO4849 was obtained in three steps: first, the promoter region of SCO4848 (P SCO4848 ) was amplified from the S. coelicolor genome using primers P SCO4848 F/R (incorporating HindIII and NdeI restriction sites at the 5′ and 3′ ends, respectively) and cloned into pCR™-Blunt II-TOPO® (pTOPO-P SCO4848 ); secondly, the ORF of SCO4849 was amplified with primers SCO4849 F/R (incorporating NdeI and NsiI restriction sites at the 5′ and 3′ ends, respectively) and cloned into pCR™-Blunt II-TOPO® selecting for the plasmid in which the 5′ end of the SCO4849 gene incorporating the NdeI restriction site was orientated to the HindIII side of the pCR™-Blunt II-TOPO® (pTOPO-SCO4849); thirdly, P SCO4848 was released from pTOPO-P SCO4848 using HindIII and NdeI and cloned Fig. 1 Effect of pMS82 in spore germination and integration in the S. coelicolor chromosome. a Percentage of germination in S. coelicolor M145 wild-type strain and S. coelicolor harbouring pMS82 growing in GYM medium. Germination values correspond to the average ± SD of three biological replicates. b Confocal microscope images of S. coelicolor and S. coelicolor pMS82 cultures at 4 and 7 h. Arrows point to ungerminated spores. c Scheme of the integration of pMS82 into the S. coelicolor chromosome. Primers SCO4848F and pMS82R are indicated. Int1 and int2 indicate the mutated versions of SCO4848 generated by the integration of the plasmid. d PCR confirming the integration of pMS82 into the SCO4848 attB site. e Comparison of the amino acid sequences of SCO4848 and their mutated versions (int1 and int2). f Scheme of the chromosomal region around SCO4848 illustrating the position of the primers RT4848F and RT4849R. g RT-PCR with primers RT4848F and RT4849R demonstrating the co-transcription of SCO4848 and SCO4849 (RNA lane); the DNA lane corresponds to PCR using chromosomal DNA as template (positive control). M molecular weight marker. h Scheme of the chromosomal region around SCO4848 illustrating the position of the primers RT4849F and RT4849R. i RT-PCR illustrating the alteration of the transcription of SCO4849 in the S. coelicolor strain harbouring pMS82 into pTOPO-SCO4849 digested with the same enzymes, generating pTOPO-P SC O48 48 +SCO4849. Fragment P SCO4848 +SCO4849 was released from pTOPO-P SCO4848 + SCO4849 using HindIII and NsiI, and it was religated into pMS82 (Gregory et al. 2003) digested with the same enzymes, generating pNG1 (accession number KR131848). pMS82 containing P SCO4848 +SCO4848+SCO4849 was constructed by cloning the synthetized SCO4848 gene (accession number KR150757) harbouring synonymous mutations (Fig. 1d) into pNG1 (both digested with NdeI). As detailed below, this construction was unstable.
pNG2 construction pNG1 was digested with NdeI. NdeI single-stranded overhangs were digested with nuclease S1 (Thermo Scientific), and the plasmid was religated using T4 DNA ligase (Invitrogen) to generate plasmid pNG1' without the NdeI restriction site. The synthetized fragment P ermE *+RBS+ MCS+fd-ter, digested with EcoRV-XbaI, was cloned into pNG1' digested with EcoRV-SpeI (XbaI and SpeI are compatible enzymes) generating pNG2 (accession number KR131849).
pNG3 construction
The bla gene conferring resistance to ampicillin was amplified from plasmid pBR322 (Fermentas) using primers Bla-F and Bla-R (Table 1) and Phusion High-Fidelity DNA Polymerase (Thermo). The amplified gene was cloned into pCR™-Blunt II-TOPO®. The bla gene was released from pCR™-Blunt II-TOPO with HindIII/AvrII and cloned into pNG1 digested with the same enzymes, generating pNG3 (accession number KR131850).
pNG4 construction
The bla gene was released from pCR™-Blunt II-TOPO with HindIII/AvrII and cloned into pNG2 digested with the same enzymes, generating pNG4 (accession KR131851).
Disruption and overexpression of SCO0995
The transposon insertion single-gene knockout library created by Prof. P. Dyson's research group (Fernández-Martínez et al. 2011 ) was used for mutagenesis of SCO0995. Cosmid 2StG2.1.G12 was used for constructing the SCO0995 mutant strain (ΔSCO0995) with the SCO0995 gene interrupted by the Tn5062 transposon (Table 1) . Gene disruption was carried out by obtaining double crossovers via conjugation using E. coli ET12567/pUZ8002 as a donor strain and following the protocol described in Kieser et al. (2000) . Mutant strains were confirmed by Southern blotting, using chromosomal DNA digested with SalI. Southern hybridization was carried out by established procedures using the digoxigenin-labelled 3442-bp Tn5062 PvuII fragment from plasmid pQM5062 (Bishop et al. 2004 ) as a probe.
The ORF of SCO0995 gene was amplified from S. coelicolor genome using primers SCO0995F and SCO0995R primers and cloned in pNG2 (into the NdeI-SpeI restriction sites) under the control of PermE*.
Bioinformatic analyses
Transmembrane topology of the SCO4848 and SCO4849 genes was analysed by Phobius software (http://phobius.sbc. su.se/). The rest of the bioinformatics and phylogenetic analyses were performed using the Phylemon 2.0 bioinformatic tools (Sánchez et al. 2011) .
Orthologous sequences to SCO4848 and SCO4849 from other streptomycetes were obtained from the databases at the National Center for Biological Information (http://www.ncbi. nlm.nih.gov). SCO4848 was not annotated in the genomes of S. lividans or S. griseus; however, the ORF was present in their respective genomes (StrepDB database). The sequences selected were SLI_5122 (S. lividans), SAV_3412 and SAV_ 3411 (S. avermitilis); SVEN_4521 and SVEN_4522 (S. venezuelae); SCAB35521, SCAB35511 (S. scabies), SGR_ 2696 (S. griseus) and SCLAV_3766, SCLAV_3767 (S. clavuligerus). Amino acid sequences were aligned using MUSCLE software, and amino acid similarities were estimated by Lalign software (http://www.ch.embnet.org/ software/LALIGN_form.html).
Results
Phenotype caused by the integration of pMS82 into the S. coelicolor genome Key phenotypes of the S. coelicolor strain harbouring pMS82 were analysed and compared with S. coelicolor wild-type strain. Spore germination, first compartmentalized mycelium, second multinucleated mycelium without (substrate) or with (aerial) hydrophobic covers, and sporulation were analysed in solid cultures (Supplementary Figures S1, S2 ). Antibiotic production (undecylprodigiosin and actinorhodin) was analysed in liquid cultures (Supplementary Figure S3) . As discussed below, the only phenotypic difference observed in the S. coelicolor harbouring pMS82, with respect to the wildtype strain, was a delay in spore germination (Fig. 1a, b) .
Spore germination timing depends on the culture medium used for germination (GYM, R2YE or MM) (Fig. 1a and Supplementary Figure S4) . However, the delay in germination generated by the integration of ΦBT1 plasmids was observed in all the strains and all the media tested.
The effect of the medium used to raise the spores was tested in S. coelicolor, comparing the differences in germination of spores obtained from SFM or GYM (Fig. 1a and Supplementary Figure S4) . In both cases, pMS82 reduced spore germination. Differences in the percentage of germination between the two batches of spores were not significant. It is notable that germination in S. coelicolor is very fast (starting at 4 h and finishing at around 7 h) (Fig. 1a) , and small variations in the cultures can generate differences in the exact percentage of germination observed at a specific developmental time point.
ΦBT1 integration in S. coelicolor chromosome
The integration site of ΦBT1 plasmids into the S. coelicolor genome was reported to be in the SCO4848 gene (Gregory et al. 2003) . To our knowledge, there are no studies describing the existence of alternative ΦBT1-attB sites in Streptomyces, which is in contrast to the sites for ΦC31 integration (Combes et al. 2002) . Two primers were designed in this work, hybridizing at the SCO4848 5′ end and the DNA region flanking attP in pMS82 (Fig. 1c) . These primers amplify a fragment of 617 bp only if pMS82 or their derived plasmids are integrated at the attB site of SCO4848 (Figs. 1d) . The pMS82-and the pMS82-based plasmids created in this work (pNG1-pNG4, see below) were used in our lab in 24 independent experiments to complement wild phenotypes in different S. coelicolor mutants, and in all of them, the integration was found at the SCO4848 attB site (Supplementary Figure S5) . This suggests that SCO4848 harbours the only ΦBT1-attB site in S. coelicolor, which, as discussed below, is one of the key requirements to construct a phenotypically neutral integrative plasmid in Streptomyces.
Integration of the ΦBT1 plasmid interrupts SCO4848 by modifying its 5′ end. Integration generates a modified SCO4848 ORF (SCO4848int1 in Fig. 1e ), which retains a putative signal peptide, and the key features of SCO4848 and was predicted to be functional (Gregory et al. 2003) . However, as discussed below, the SCO4848int1 gene and the promoter region of SCO4848 are separated by the integrated plasmid, and the transcription of SCO4848int1 is very unlikely (Fig. 1c) . SCO4849 is located downstream of SCO4848 (Fig. 1f) , and RT-PCR experiments performed in this work demonstrated that SCO4848 is co-transcribed with SCO4849 in the S. coelicolor wild-type strain (Fig. 1g) . Thus, the integration of ΦBT1 plasmids into SCO4848 might also affect the expression of SCO4849. The alteration of SCO4849 transcription was confirmed by RT-PCR using primers RT4849F and RT4849R (Fig. 1h, i) . This RT-PCR amplified more than one amplicon; however, the expected amplicon (297 bp) was present in S. coelicolor wild type, and it was absent in the strain harbouring pMS82 (Fig. 1i) . As stated in BMaterials and methods^section, the identity of this 297-bp amplicon was confirmed by DNA sequencing (data not shown).
Construction of ΦBT1 integrative plasmids restoring the expression of SCO4849
In order to create ΦBT1 integrative plasmids restoring the expression of SCO4848 and SCO4849, after the plasmid had integrated into the Streptomyces genome, two genetic constructs were synthetized (Fig. 2a) : the first one, containing a 423-bp fragment upstream of the ATG of the SCO4848 gene, large enough to encompass the promoter region of the SCO4848 gene (P SCO4848 ), together with the ORFs of SCO4848 and SCO4849 (P SCO4848 +SCO4848+SCO4849); and the second one, consisting of the promoter of SCO4848 and the ORF of SCO4849 (P SCO4848 +SCO4849). In order to try to inactivate the attB site of SCO4848 and to prevent the recombination with the attP site of the plasmid, the SCO4848 amino acid sequence was retained, but the nucleotides of the attB site were changed by synonymous mutations (Fig. 2a) .
P SCO4848 +SCO4848+SCO4849 and P SCO4848 +SCO4849 were introduced into the ΦBT1plasmid pMS82 (Gregory et al. 2003) ; however, only the second one (P SCO4848 +SCO4849) was stable, generating plasmid pNG1 (Fig. 3a) . Introduction of P SCO4848 +SCO4848+SCO4849 into pMS82 generated plasmid reorganizations and deletions in pMS82 (Supplementary Figure S6) , indicating that the mutated attB site synthetized (Fig. 2b) was still functional after recombining with the attP site of the plasmid.
The phenotype in spore germination generated by the integration of ΦBT1 integrative plasmids into SCO4848 (see above and Fig. 1a, b) was complemented by the P SCO4848 + SCO4849 fragment included in pNG1 (Fig. 2c) , and the restauration of the SCO4849 expression in the S. coelicolor strain harbouring pNG1 was demonstrated by RT-PCR (Fig. 1i) . These results demonstrated that the phenotype detected was a consequence of the alteration of SCO4849 expression due to the plasmid integration.
To facilitate work in Streptomyces, three more plasmids were constructed based on pNG1: pNG2, in which the strong constitutive promoter P ermE * (Bibb et al. 1994) , the RBS of the gene tuf-1 (Vijgenboom et al. 1994 ), a cloning site including single-cutter restriction enzymes, and the terminator of the fd phage (Gentz et al. 1981) were introduced into pNG1 to facilitate heterologous gene expression and protein translation (Fig. 3b) ; pNG3, in which the bla gene for ampicillin resistance was included in pNG1 in order to facilitate selection in E. coli (Fig. 3c) ; and pNG4, in which the bla gene was introduced into pNG2 (Fig. 3d) .
The functionality of the P ermE * and RBS site included in pNG2 and pNG4 was tested using pNG2 to overexpress the ORF of SCO0995 (plasmid pNG2-SCO0995) (Table 1) , encoding a putative DNA-methyltransferase, into a ΔSCO0995 strain (mutated in SCO0995) (Fig. 4a) . The integration of the pNG2-SCO0995 plasmid and the presence/ absence of the SCO0995 in the S. coeliocolor wild-type strain, the ΔSCO0995 mutant and the mutant strain harbouring pNG2-SCO0995 were confirmed by PCR (Figs. 4b, c) . As expected, the SCO0995 mRNA was detected in the wildtype and the mutant strain complemented with plasmid pNG2-SCO0995, but not in the ΔSCO0995 mutant strain (Fig. 4e) .
ΦBT1 integration in other streptomycetes
The SCO4848 and SCO4849 orthologues are highly conserved in streptomycetes, 96 % of similarity in the case of SCO4848, 95 % in the case of the metallophosphatase domain of SCO4849 and 86 % in the case of the transmembrane domain of SCO4849 (Fig. 5) .
The effect of the integration of ΦBT1 vectors was analysed in other key streptomycetes including S. lividans, S. griseus and S. clavuligerus (Fig. 2d) . Streptomyces lividans and S. griseus wild-type strains germinated much faster than S. coelicolor, reaching 100 and 59.2 % of spore germination at 4 h, in comparison to the 30 % observed in S. coelicolor (Fig. 2c) . Streptomyces clavuligerus wild-type strain germination was slower than in S. coelicolor, showing 77 % of germination at 12 h, in comparison to the 100 % observed in S. coelicolor at this developmental time point (Fig. 2c, d) . Integration of pMS82 delayed spore germination in all the strains, and the SCO4849 gene included in pNG1 compensated for this delay in S. lividans and S. griseus, but not in S. griseus (100 % of spore germination of the strain harbouring pNG1 vs. the 59.2 % observed in the wild-type strain) (Fig. 2d) . As discussed below, this result indicates that the effect of SCO4849 in accelerating spore germination is stronger than the delay generated by the mutation of its S. griseus orthologue caused by the integration of the vector. Similar results were obtained using different culture media for germination (Supplementary Figure S4) .
Discussion
The ΦC31 integrative plasmids are widely used in streptomycetes; however, they have severe limitations due to the existence of several integration sites in the Streptomyces genome, which cause different mutations resulting in different phenotypes (Bierman et al. 1992) . The most common alternative in Streptomyces to ΦC31 integrative plasmids are the ΦBT1-derived vectors which integrate at the unique attB site localized in the ORF of SCO4848 (S. coelicolor genome). Mutation of SCO4848 was reported to produce an ORF that remained functional (SCO4848int1 in Fig. 1e ) and to be neutral in terms of phenotype (Gregory et al. 2003) . However, the SCO4848int1 gene and the promoter region of SCO4848 are separated by the integrated plasmid (Fig. 1c) , and the transcription of SCO4848int1 is very unlikely. The other ORF generated by the integration of the ΦBT1plasmids (SCO4848int2) has 30 % of the amino acids of SCO4848 protein (24 amino acids of a total of 74) (Fig. 1e) under the control of the SCO4848 promoter, and it might conserve part of the function of the SCO4848 protein. In this work, we further characterized the phenotype generated by the integration of ΦBT1 plasmids into the Streptomyces genome, discovering the existence of a previously uncharacterized phenotype during the germination stages consisting of a delay in spore germination. This phenotype was demonstrated to be a consequence of an effect on SCO4849 expression, which encodes a putative integral membrane protein that is co-transcribed together with SCO4848. Further work is required to identify Fig. 2 Construction of ΦBT1 integrative plasmids restoring the expression of SCO4849. a Genetic constructs to restore the expression of SCO4848 and SCO4849. The attB integrative site is indicated by an asterisk. b Detail of the sequence of the attB and the mutated attB harbouring synonymous mutations. c Percentage of germination (average ± SD) in S. coelicolor M145 wild-type strain and S. coelicolor harbouring pNG1 growing in GYM medium. d Percentage of spore germination (average ± SD) in S. griseus, S. lividans and S. clavuligerus with and without pMS82 or pNG1. GYM was used in the case of S. griseus and S. lividans; TSA was used for S. clavuligerus the biological function, if any, of SCO4848, and to characterize the biochemical mechanism by which SCO4849 controls spore germination. Other phenotypes, such as antibiotic production, growth rate or sporulation, were not significantly affected by the integration of ΦBT1 vectors, consistent with the results previously reported by Gregory et al. (2003) .
The aim of this work was the construction of phenotypically neutral integrative plasmids for use in Streptomyces. These plasmids needed to meet two main characteristics: first, they should have a unique and conserved integrative site in streptomycetes; and second, the mutation generated by the integration of the plasmid should not generate any phenotype.
Concerning the existence of a unique integrative site, ΦBT1 integrative plasmids represent a good alternative (Gregory et al. 2003) . To our knowledge, no studies are available of the existence of alternative ΦBT1-attB sites different from the attB site located at SCO4848. In this work, it was demonstrated in 24 independent integrations (Supplementary Figure S5 ) that pMS82 and their derived plasmids were always integrated into SCO4848, suggesting that SCO4848 harbours a unique ΦBT1-attB site in S. coelicolor. In fact, a BLAST of the SCO4848 attB sequence against the S. coelicolor genome did not retrieve alternative putative attB sites (data not shown). Fig. 3 ΦBT1 integrative plasmids pNG1, pNG2, pNG3 and pNG4. The basis of all these plasmids is pMS82 (Gregory et al. 2003) . a pNG1 harbours P SCO4848 +SCO4849. b pNG2 harbours P SCO4848 +SCO4849 and P ermE *+RBS+MCS+fd-ter. c pNG3 harbours P SCO4848 +SCO4849 and bla (resistance to ampicillin). d pNG4 harbours P SCO4848 + SCO4849, P ermE *+RBS+MCS+fd-ter and bla. e Sequence of the P ermE *+RBS+MCS+fd-ter region. oriC origin of replication, Int ΦBT1 integrase, oriT origin of transfer, hyg hygromycin resistance gene. Single-cutter enzymes are shown Fulfilling the second requirement, the absence of a phenotype after plasmid integration is more difficult to achieve because general integrative sites need to be conserved, and conserved genes are usually important, and their mutations lead to phenotypes. As discussed above, the integration of ΦBT1 plasmids into the S. coelicolor genome generates a spore germination phenotype. The most obvious approach to construct a phenotypically neutral integrative plasmid is to introduce the chromosomal gene/s interrupted by the integration, into the integrative plasmid. However, this was not possible in the case of pMS82 due to the interaction between the attP site of the plasmid and the attB site of the gene to be complemented, which made these plasmids unstable (Supplementary Figure S6) . Fortunately, the phenotype detected during germination after the integration of ΦBT1 plasmids was a consequence of the absence of the gene located downstream of the attB integration site (SCO4849 in the case of S. coelicolor). This allowed us to construct a ΦBT1 integrative plasmid including the promoter of the SCO4848 gene fused with the ORF of SCO4849 (pNG1), which complements the phenotype in germination generated by the integration of the plasmid into SCO4848. pNG1 is in fact the first integrative plasmid in S. coelicolor demonstrated to be phenotypically neutral. The P ermE * promoter, a RBS, a multiple cloning site and the terminator of the fd phage (fd-ter) were introduced in pNG1 to facilitate heterologous gene expression, creating pNG2. Both plasmids showed a resistance to hygromycin which is effective in Streptomyces. In E. coli, however, false resistant colonies can grow, albeit at a slower rate than the E. coli harbouring the plasmids with the resistance, making hygromycin selection challenging. For this reason, the bla gene coding for ampicillin resistance was included into pNG1 and pNG2 in order to facilitate selection in E. coli, thus generating plasmids pNG3 and pNG4.
SCO4848 and SCO4849 orthologues are highly conserved in streptomycetes (Fig. 5) , and the delay in spore germination as a consequence of the integration of ΦBT1 plasmids into SCO4848 and their orthologues, may be common in Streptomyces (Fig. 2c, d ). pNG1-4 are useful in other streptomycetes beyond S. cocelicolor; however, the usefulness of these plasmids requires verification for each specific Streptomyces species because they do not always complement the wild phenotypes. For instance, pNG1 accelerates the germination in S. griseus with respect to the wild-type strain, indicating that the effect of the S. coelicolor SCO4849 is stronger than that of the S. griseus orthologue mutated by the integration of the plasmid. In these types of strains, alternative ΦBT1 plasmids harbouring the SCO4849 orthologue of the specific host strain might be created and tested.
Overall, this work describes the construction of plasmids pNG1-4, the first integrative vectors designed to restore the expression of the genes interrupted by their integrations, producing neutral phenotypes in S. coelicolor, S. lividans and S. clavuligerus. These vectors facilitate the interpretation of the phenotypes generated by the integration of heterologous DNA, limiting the interference of the phenotypes caused by the integration vectors. The experimental approach developed in this work to create phenotypically neutral ΦBT1integrative plasmids in S. coelicolor might be applied to other bacterial integrative vectors. Fig. 4 Functionality of the expression vector pNG2 to restore SCO0995 expression in the ΔSCO0995 mutant. a Scheme illustrating the integration of pNG2-SCO0995 into the ΔSCO0995 chromosome. b PCR using primers SCO4848F and pMS82R confirming plasmid integration into SCO4848. c PCR using primers SCO0995F and SCO0995R confirming the presence of the SCO0995 gene into the ΔSCO0995 strain harbouring pNG2-SCO0995. d RT-PCR demonstrating the functionality of the expression vector pNG2. SCO0995 is expressed in the SCO0995 mutant strain (ΔSCO0995) harbouring the pNG2-SCO0995 plasmid 
